Comet 15P/Finlay is unusual in that, contrary to ab initio expectations, it demonstrates no apparent linkage to any known meteor shower. Using data contained within the Electronic Atlas of Dynamical Evolutions of Short-Period Comets, we evaluate theoretical shower radiants for Comet 15P/Finlay, but find no evidence to link it to any meteoric anomalies in recorded antiquity. This result, however, must be tempered by the fact that any Comet 15P/ Finlay-derived meteoroids will have a low, 16 km s 21 , encounter velocity with Earth's atmosphere. Typically, therefore, one would expect mostly faint meteors to be produced during an encounter with a Comet 15P/Finlay-derived meteoroid stream. We have conducted a D-criterion survey of meteoroid orbits derived from three southern hemisphere meteor radar surveys conducted during the 1960s, and again we find no evidence for any Comet 15P/Finlay-related activity. Numerical calculations following the orbital evolution of hypothetical meteoroids ejected from the comet, at each perihelion epoch since 1886, indicate that Jovian perturbations effectively`drive' the meteoroids to orbits with nodal points beyond the Earth's orbit. The numerical calculations indicate that, even if Comet 15P/ Finlay had been a copious emitter of meteoroids during the past 100 years, virtually none of them would have evolved into orbits capable of being sampled by the Earth. There are good observational data, however, to suggest that Comet 15P/Finlay is becoming a transitional comet±asteroid object, and that it has probably not been an efficient producer of meteoroids during the past several hundreds of years.
I N T R O D U C T I O N
Comet 15P/Finlay was discovered on 1886 September 26 and was last at perihelion on 1995 May 5. With an orbital period of some 6.6 yr, it has completed 17 perihelion passages since discovery. Of these returns only 10 have seen the comet recovered, the remainder being missed owing to unfavourable viewing conditions. The current orbital parameters of the comet are a = 3.57 au, e = 0.710, i = 3.78, v = 323.4968 and V = 41.4168.
At aphelion the comet falls within the region bounded by the 2 : 1 and 3 : 2 resonances of Jupiter, and numerical integrations presented by Carusi et al. (1988) and Valsecchi (private communication) indicate that frequent Jovian encounters result in short bursts of rapid orbital evolution followed by periods of stasis. We note, however, that for the past 400 years, with the exception of a brief , 50-yr period c. 1800, Comet 15P/Finlay has had one or other of its orbital nodes within 0.2 au of the Earth's orbit. In addition to this, we also note that Yeomans & Chodas (1994) have determined that on 2060 October 27 Comet 15P/Finlay will pass within 0.05 au of the Earth: this will be the closest Earth approach by any presently known comet or asteroid during the entire 21st century.
The fact that Comet 15P/Finlay has had a nodal point close to the Earth's orbit for several centuries is interesting for a number of reasons. First, it is surprising that the comet was not discovered prior to 1886. Kresak (1987) , for example, notes that the comet made a very favourable perihelion return in 1827, and numerical calculations summarized by Valsecchi (private communication) indicate that the comet passed within 0.044 au of the Earth in 1714. Secondly, in common with the`curious incident of the dog' that did nothing in the night-time alluded to by the fictional detective Sherlock Holmes in`Silver Blaze' (Doyle 1894) , Comet 15P/Finlay is remarkable for its lack of associated meteor shower.
In Section 2 of this paper we consider the broad implications of the orbital evolution of the nodal points of Comet 15P/Finlay since c. 1585. We also briefly discuss the suggestion that Comet 15P/ Finlay has undergone bouts of dormancy and is gradually becoming a transitional asteroid object. In Section 3 we describe a set of calculations that follow the orbital evolution of hypothetical meteoroids ejected from Comet 15P/Finlay. Our conclusions are presented in Section 4.
T H E O R B I TA L E VO L U T I O N O F 1 5 P / F I N L AY
Comet 15P/Finlay was one of the short-period comets included in the Long Term Evolution Project of Carusi et al. (1988) . Likewise, it has been included in the follow-on study, the Electronic Atlas of Dynamical Evolutions of Short-Period Comets (here after simply the`Atlas'), which is an internet-based catalogue maintained by Giovanni Valsecchi (see http://www.ias.rm.cnr.it/ias-home/comet/ catalog.html). In the most recent Atlas calculations, the orbital elements for the orbit of Comet 15P/Finlay were evolved backwards in time to 1585 February 1, and forward in time to 2406 June 17. A 15th-order RADAU integrator was used to solve the equations of motion, and gravitational perturbations from all of the planets were included. Data kindly provided by Dr Valsecchi have been used to determine the nodal distances of Comet 15P/Finlay as a function of time. The calculations cover one complete cycle of nodal regression, and are shown in Fig. 1 .
We identify three epochs of interest from Fig. 1 . Epoch I, from c. 1580 to c. 1750, corresponds to a time when the descending node of the comet was at a heliocentric distance of about 1 au. Indeed, during most of this epoch the node was placed within 0.1 au of the Earth's orbit. Epoch II from 1886 (the discovery year) to c. 2000 covers the available set of direct observations. During this epoch it is the ascending node of the comet that is close to the Earth's orbit. The calculations presented in the Atlas indicate that, from c. 2075 to c. 2400, the ascending node of Comet 15P/Finlay will move to heliocentric distances well beyond 1 au. During epoch III, from c. 2150 to 2400, the descending node of the comet will once again be close to the Earth's orbit. Fig. 1 is interesting for a multitude of reasons, and a number of questions arise. First, if during epoch I the comet had a nodal point that fell, at least for a short while, as close as 0.02 au from the Earth's orbit, it is surprising that no Comet 15P/Finlay-related meteor outbursts were observed during the 17th and 18th centuries. Secondly, it is also surprising that during the present epoch (epoch II) the comet is not associated with an annual meteor shower. Thirdly, one might reasonably ask if during epoch III, when the descending node of the comet is once again very close to the Earth's orbit, high meteoroid fluxes will be realized from an associated stream. In the sections that follow, we attempt to address these points of interest.
Epoch I: past behaviour
From c. 1660 to c. 1750 the descending node of the orbit of Comet 15P/Finlay was placed within 0.06 au of the Earth's orbit. Given this close proximity to the Earth's orbit, one might speculate that an associated meteor shower should have been seen. Indeed, the average nodal distance, D node , of those comets that are known to be associated with annual meteor showers is , D node (au) . = 0.08 (data from Drummond 1981a) .
The data presented in the Atlas provide orbital parameters of Comet 15P/Finaly from 1585 to 2400, and from these the theoretical radiant of any associated meteor shower can be calculated. Following the formalism of Olsson-Steel (1987) and Drummond (1981b) , we have calculated a set of theoretical shower radiants for Comet 15P/Finlay on the assumption that, should a shower occur, it will do so at the time of minimum comet±Earth orbit separation. Essentially from the point of closest approach the argument of perihelion is rotated until the orbit intersects that of the Earth. Our results are presented in Table 1 .
The calculations summarized in Table 1 are instructive in that they indicate several reasons why hypothetical meteors from Comet 15P/Finlay would prove difficult to detect ± at least historically speaking. Table 1 indicates that, between 1585 and 1858, the theoretical shower radiant gradually moved from Telescopium to Scorpius. The present-day theoretical radiant is in the constellation of Corona Austrina. If the radiant had been active during the 17th and 18th centuries, it would not have been well placed for northern hemisphere observers. Even Chinese and Korean observers, traditionally associated with early meteor observations, would not have seen the radiant under favourable viewing conditions at the time of the predicted maximum. Not q 1999 RAS, MNRAS 310, 168±174 only would the viewing geometry have been poor for such observers, but also the Earth encounter velocity of Comet 15P/ Finlay-derived meteoroids is very low and a strong bias towards faint meteors exists. The mass±magnitude relationship of Verniani (1973) indicates that at 16 km s 21 a 9-g meteoroid would be required to produce a zeroth-magnitude meteor (assuming a zenith angle of 458). In addition to the low-velocity bias towards the production of faint meteors, we also note that the local transit time of the radiant is in the early evening twilight.
The most complete catalogue of ancient meteor showers compiled to date is that by Hasegawa (1993) . A search through the records collected by Hasegawa, however, does not yield a single`outburst' or meteor shower that can be reasonably linked to a theoretical radiant associated with Comet 15P/Finlay. This null result either is a reflection of the poor viewing geometry, the low encounter velocity and the unfavourable viewing times, or is indicative of the fact that no, or at best only a few, Comet 15P/ Finlay-derived meteoroids ever encounter the Earth. Having said this, the incompleteness of the historic record also biases the situation against the detection of outbursts. It does not seem unreasonable to conclude, however, that during the past 200 years no truly conspicuous outburst from a Comet 15P/Finlay-related meteor shower has been seen.
Epoch II: is there any evidence for a Comet 15P/Finlay meteor shower?
The meteor detection constraints discussed in Section 2.1 may be partially overcome by using radar techniques. The benefits of radar observations are that they can be made under twilight conditions. Also, the ionization efficiency of an ablating meteoroid varies as the velocity to the fourth power, which is an improvement over the luminous efficiency which varies as the velocity squared. With respect to the detection of meteors from potential Comet 15P/Finlay radiants (see Table 1 ), three radar surveys appear to be relevant. These are the University of Adelaide surveys, conducted in 1960±61 and 1968±69, and the 1969±70 Mogadishu survey organized by the former USSR Geophysics Committee. In total these surveys collected data on the orbital characteristics of 9087 meteors. The survey results have been conveniently archived at the IAU Meteor Data Center at Lund Observatory.
As a first step in our analysis we have applied the D±criterion of Southworth & Hawkins (1963) using all of the known orbital elements for Comet 15P/Finlay since 1886 (Marsden 1983) . The D-criterion annotates the similarity between the`test' orbit of the comet and the orbit of a meteoroid. A D-value of zero indicates a perfect match between the two orbits when the measuring metric compares their respective orbital inclinations, perihelion distances, directions of perihelion and eccentricity. More typically a small threshold value is set, and in this study a match was deemed possible once a value of D , 0.3 is realized. A total of 15 orbital matches were found with this generous threshold. At a more restrictive threshold of 0.25, only six matches were found. The results of the D-criterion search can be further reduced by requiring that the meteor velocities fall within the range 11± 20 km s 21 , consistent with that expected for meteoroids derived from Comet 15P/Finlay. With the added velocity restriction, our original list of 15 matches (D , 0.3) is reduced to a total of five meteors. None of the meteors that survived our sieving process, however, was recorded on dates when a hypothetical Comet 15P/ Finlay shower might have been active.
A revised D H -criterion has been developed by Drummond (1981a) , whereby the measuring metric of Southworth & Hawkins (1963) is replaced by dimensionless terms. Drummond's motivation in producing the D H -criterion was to produce a metric in which each term contributed equally to the overall sum. With a generous threshold of D H , 0.3, we find only two meteor matches within the three radar surveys when set against each of the derived orbital elements for Comet 15P/Finlay since 1886.
With respect to the D-criterion results, our conclusion is straightforward: there is no compelling evidence to suggest that Comet 15P/Finlay is the parent comet to any annual meteor shower.
The physical nature of Comet 15P/Finlay
The exact size and nature of the nucleus of Comet 15P/Finlay are not known. Observational data summarized by Mendis, Houpis & Marconi (1985) , however, indicate upper and lower bounds of 1.4 and 0.2 km to the nuclear radius of the comet on the assumption that, when far from the Sun, the nucleus is visible through reflected sunlight only. The factor of 7 between the upper and lower limits is primarily due to the uncertain nature of the surface albedo of the comet. In addition, Whipple (1977) derived upper and lower bounds to the radius of Comet 15P/Finlay's nucleus of 1.0 and 0.3 km. Again, the main reason for the uncertainty in the size of the nucleus is the unknown surface albedo. In our ensuing discussion we shall assume a nuclear radius of 1 km for Comet 15P/Finlay.
Since its discovery in 1886, Comet 15P/Finlay has shown a steady decrease in its maximum brightness at perihelion (Kresak & Kresakova 1989) . Measured according to its absolute magnitude, H, a number derived on the basis that the Earth± comet and comet±Sun distances are both 1 au, Comet 15P/Finlay has shown a systematic increase of about 0.5 mag per perihelion passage since discovery.
If we assume that the brightness of a comet, I C , is proportional to its active surface area fR 2 , where R is the nuclear radius and f is the fraction of the surface undergoing sublimation, then I C G fR 2 G 10 20.4H , where H is the absolute magnitude of the comet. Further, if we assume that the radius does not change significantly from one perihelion passage to the next, then f G 10 20.4H . The absolute cometary magnitude data summarized by Kresak & Kresakova (1989) indicate that H has systematically increased from 8.5 in 1886 to 16 in 1981. Taken at face value, the absolute magnitude data suggest a 1000-fold decrease in relative surface activity between 1886 and the present day.
Comet 15P/Finlay has shown considerable variation in its orbital non-gravitational parameter (Marsden 1983) . The causes of the non-gravitational changes have been investigated by Sekanina (1993) , and he concludes, with the aid of historic light-curve data (his fig. 3 ), that Comet 15P/Finlay has repeatedly undergone shortlived`bursts' of new surface activity. The emission regions active at one perihelion passage are not necessarily active at another. The erratic changes in surface sublimation activity result in a redistribution of the momentum transfer to the nucleus, and this subsequently results in an erratic variation in the non-gravitational parameter term of the comet.
Data provided by Giovanni Valsecchi indicate that the orbital inclination of Comet 15P/Finlay has varied significantly since the early 17th century. In 1600 the orbital inclination was some 228. By 1760, however, the orbital inclination had dropped to just 28, and it has remained close to this value ever since. The significance of this inclination variation is that since the mid-1700s Comet 15P/Finlay has spent a greater orbital dwell-time in the main-belt asteroid zone. With this increased dwell-time the possibility of surface mantle disruption by small-particle impacts has been greatly enhanced (Cintala 1981; Matese & Whitman 1994) . We may speculate therefore that, prior to its discovery in 1886, Comet 15P/Finlay was essentially a dormant comet. The facts that the comet was not recorded during its close Earth approach in 1714 and that it was again missed in 1827 (Kresak 1987 (Kresak , 1991 lend support to the idea that the comet has a considerable surfacè rubble mantle'. Such non-volatile surface mantles are expected to build up over time (see e.g. Beech & Nikolova 1999), and are a natural consequence of cometary ageing. Pending further surface modification, Comet 15P/Finlay may in fact be evolving, once again, towards a transitional comet±asteroid state similar to that presently displayed by Comet 107P/Wilson±Harrington (Fernandez et al. 1997) .
A M E T E O R O I D S T R E A M M O D E L
The observations discussed in Section 2 confirm the enigmatic nature of Comet 15P/Finlay. On the basis of dynamical considerations alone, two reasonable hypotheses can be formulated with respect to the absence of a Comet 15P/Finlay meteor shower. Either Comet 15P/Finlay has no associated meteoroid stream, a consequence of its apparent bouts of dormancy, or the hypothetical meteoroids that might have been ejected from the comet have evolved towards orbits with nodal points well away from the Earth's orbit. While the first hypothesis is difficult to test, the efficacy of the second hypothesis can be determined by evaluating the orbital evolution of hypothetical meteoroids ejected from Comet 15P/Finlay.
To investigate the orbital evolution of hypothetical meteoroids ejected from Comet 15P/Finlay, we have used the numerical code developed and described by Jones (1985) . Given the few observational constraints that exist concerning the activity of the comet, we have chosen to follow the orbital evolution of hypothetical meteoroids ejected from the entire sunward-facing half of the nucleus. We assume a nuclear radius of 1 km (recall Section 2.3), and assume a meteoroid density of 1 g cm 23 . The meteoroid ejection velocity is calculated according to Whipple's formula (Whipple 1951) .
In spite of the observed variable behaviour of Comet 15P/ Finlay, for the numerical calculations presented in this section we have considered the comet to be actively ejecting meteoroids once it is closer than 2.5 au from the Sun. At each perihelion return, 500 hypothetical meteoroid orbits were constructed along the orbital arc corresponding to heliocentric distances between perihelion and 2.5 au. The orbital evolution of each of the hypothetical meteoroids was then followed to its nodal crossing point at a set future epoch. We have restricted the calculations to just two meteoroid masses, namely, 10 23 and 10 25 g. Meteoroids with these masses will produce meteors of peak visual magnitudes +9 and +13, respectively, assuming an encounter velocity of 16 km s 21 and a zenith angle of 458 (Verniani 1973) . The 10 23 -g derived meteors would be just above the detection threshold for low-light television cameras working under ideal sky conditions. The 10 25 -g derived meteors, on the other hand, would be below the detection threshold for both low-light TV cameras and radar.
q 1999 RAS, MNRAS 310, 168±174 The primary reason for including the 10 25 -g meteoroid calculations is to determine what effect the initial meteoroid ejection velocity has on the nodal distribution. At a heliocentric distance of 1 au the Whipple ejection velocity is 28 m s 21 for the 10 23 -g meteoroids and 61 m s 21 for the 10 25 -g meteoroids. With respect to the epoch of meteoroid ejection, we have chosen to consider only those perihelion returns since 1886, the discovery year of the comet. We justify this restriction on the basis of considering the orbital evolution of 10 23 -g meteoroids ejected during the 1721 and 1860 perihelion returns of Comet 15P/Finlay. The distributions of both the ascending and descending nodal points of meteoroids ejected in 1860 are shown in Fig. 2 at the epoch of the 2001 perihelion return of the comet. There is clearly a large scatter in the distribution of nodal points, and we find that, over an 8-yr interval starting in 1995, just 3 per cent of the meteoroids ejected in 1860 pass within 0.01 au of the Earth's orbit. Likewise, only 2 per cent of the 1721 ejected meteoroids pass within 0.01 au of the Earth's orbit in a 15-yr time interval starting in 1995. We interpret these calculations as indicating that Jovian perturbations effectively destroy any stream coherence within a time-scale of about 150 yr.
We have constructed three additional sets of nodal crossing data for the 10 The nodal distribution of 6000 hypothetical 10 23 -g meteoroids ejected from Comet 15P/Finlay between 1886 and 1960 is shown in Fig. 3 at the time of its 1967 perihelion return. A complex distribution of nodal points is clearly evident. Importantly, however, we find that the nodal distributions of meteoroids ejected at a common epoch are`stretched' into long strands principally by Jovian perturbations. Interestingly, the numerical calculations indicate that the tendency is for meteoroids to evolve towards orbits having nodal points with heliocentric distances beyond 1.15 au, well beyond the potential sampling region of the Earth.
The effect of increasing the meteoroid ejection velocity on the distribution of nodal points is shown in Fig. 4 . This figure complements Fig. 3 , and shows that the nodal distribution, as one might expect, does change slightly. The changes, however, are not significant, other than leading to a slightly larger spread in the distribution of nodal points, and producing an`extension and curl' to the`trail' associated with the distribution of nodal points for meteoroids ejected in 1919.
During the time interval between 1886 and 1960, we find no indication that any of the Comet 15P/Finlay-derived meteoroids (capable of producing radar-detectable meteors) evolve toward orbits with nodal points close to the Earth's orbit. This numerical result offers a possible explanation for the negative shower search discussed in Section 2.2. The D-criterion tests applied to the Adelaide and Mogadishu radar survey data were negative because, even if Comet 15P/Finlay had been actively ejecting meteoroids since 1886, none of the meteoroids would have evolved on to Earth-intercepting orbits.
While the numerical calculations indicate that very few Comet 15P/Finlay-derived meteoroids would be expected to acquire Earth-crossing orbits prior to 1967, we find that in 2001 and 2008 some meteoroids do attain nodal distances interior to the Earth's orbit. Unfortunately, the Earth will not be in a position to sample the meteoroids when they cross the ecliptic. Fig. 6 shows the nodal distribution of 8000 hypothetical 10
23
-g meteoroids ejected from Comet 15P/Finlay between 1886 and 1995. Once again a very complex nodal distribution is seen. The vast majority of meteoroids have nodal points well away from the Earth's orbit. The long tail containing some Earth-orbit-crossing meteoroids is derived entirely from meteoroids ejected in 1886, 1919 and 1960 . Once again, however, the calculations indicate that the Earth will not sample any of the meteoroids when they cut through the ecliptic at the Earth's orbit. Drummond (1981a) placed Comet 15P/Finlay on his list of`silent comets'. Also included on his list were Comets D/1770 L1 Lexell, 26P/Grigg±Skjellerup and 72P/Denning±Fujikawa. The`silent comets' were distinguished in the sense that they all had nodal points within 0.08 au of the Earth's orbit but could not be linked to any obvious meteoric activity. It is now known, however, that Comet 26P/Grigg±Skjellerup is the parent comet of the young and q 1999 RAS, MNRAS 310, 168±174 still-forming p-Puppids meteor shower (Hughes 1992) . Likewise, Comet D/1770 L1 Lexell may be associated with the complex ecliptic radiant of the Sagittarids, which are active each year from April to July (Rendtel, Arlt & McBeath 1995; Olsson-Steel 1988) . In addition, Olsson-Steel (1987) reports that`about a dozen' meteors from the Adelaide radar survey can be linked to a radiant consistent with an origin from Comet 72P/Denning±Fujikawa. Comet 15P/Finlay stands alone of the`silent comets' in that it betrays no apparent linkage to any recorded meteoric activity. The reasons underpinning the`silence' of Comet 15P/Finlay, however, are possibly now becoming clear. First, Comet 15P/Finlay appears to be an old, moribund comet that is evolving towards a presumably intermittently active state. We suggest that chance impacts upon the nucleus of the comet while it is within the mainbelt asteroid zone of the Solar system might be the mechanism that drives the sporadic bouts of activity. Secondly, even if Comet 15P/Finlay has been actively ejecting meteoroids at each perihelion passage since 1886, repeated close encounters with Jupiter effectively perturb the meteoroids toward orbits with nodal points well outside the Earth's orbit. Indeed, when we studied the orbital evolution of hypothetical meteoroids ejected from Comet 15P/Finlay, at each perihelion passage from 1886 to 1960, none actually becomes Earth-orbit-crossing until 2001. Thirdly, even if the Earth was able to sample meteoroids derived from Comet 15P/ Finlay, the very low encounter velocity (of the order of 16 km s 21 ) strongly mitigates against their detection as meteors. Indeed, if visual meteors were to be produced during an encounter with a Comet 15P/Finlay-related stream, a very high meteoroid flux would have to be realized. This result follows from the condition that, to produce meteors brighter than visual magnitude +5, large, , 0.1-g meteoroids need to be sampled. The flux of such large meteoroids will typically be very small if one assumes that any Comet 15P/Finlay-derived stream has a typical meteoroid mass index s < 2.0. However, the numerical modelling of hypothetical stream meteoroid evolution argues against this third possibility, in that it appears that the transfer efficiency of meteoroids to the Earth's orbit is at best very low. Also, on time-scales longer than about 150 yr, we find that repeated Jovian perturbations effectively destroy any stream coherence. The numerical results reported in this paper offer an explanation as to why no Comet 15P/Finlayrelated meteors were found in the Adelaide radar surveys of 1960±61 and 1968±69 and the Mogadishu radar survey of 1969± 70. Simply put, even if Comet 15P/Finlay were a copious ejector of meteoroids, none of the meteoroids would have found their way to the Earth's orbit in a coherent stream.
C O N C L U S I O N S
We have found three exceptions to the general rule that hypothetical meteoroids ejected from Comet 15P/Finlay evolve toward orbits with nodal points outside the Earth's orbit. If meteoroids were actively ejected from Comet 15P/Finlay during its 1886, 1919 and 1960 perihelion passages then a very small fraction of these meteoroids might find their way to the Earth's orbit in early December of 2001 and 2008.
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